The use of a drug to modify a person's behavior for criminal gain is not a recent phenomenon. However, the recent increase in reports of drug-facilitated crimes (sexual assault, robbery) has caused alarm in the general public. Drugs involved can be pharmaceuticals such as benzodiazepines (flunitrazepam, lorazepam, etc), hypnotics (zopiclone, zolpidem), sedatives (neuroleptics, some histamine H 1 antagonists), or anesthetics (␥-hydroxybutyrate, ketamine), drugs of abuse such as cannabis, ecstasy, or lysergide, or more often ethanol.
T he use of a drug to modify a person's behavior for criminal gain is not a recent phenomenon. However, the sudden increase in reports of drug-facilitated crimes (sexual assaults, robberies) has caused alarm in the general public. Drugs involved can be pharmaceuticals, such as benzodiazepines (flunitrazepam, lorazepam, etc), hypnotics (zopiclone, zolpidem), sedatives (neuroleptics, some histamine H 1 antagonists), anesthetics (␥-hydroxybutyrate or GHB, ketamine), drugs of abuse (cannabis, ecstasy, lysergide or LSD), or more often ethanol. Most of these substances possess amnesic properties, and therefore, the victims are less able to accurately recall the circumstances under which the sexual offense occurred. Because they are generally short-acting, they impair an individual rapidly. Because of their low dosage, except for GHB, a surreptitious administration into beverages such as coffee, soft drinks (cola), or even better alcoholic cocktails is relatively simple. 1 To perform successful toxicologic examinations, the analyst must follow some important rules: (1) to obtain as soon as possible the corresponding biologic specimens (blood, urine, and hair); (2) to use sophisticated analytic techniques (LC/MS, headspace/GC/MS, tandem mass spectrometry); and (3) to take care on the interpretation of the findings. To address this problem, guidelines for toxicologic investigations were published in both the United States 2 and France. 3 Urinalysis of drug use in cases of alleged sexual assault demonstrated in 3303 urine samples that ethanol, either alone or in combination with other drugs, was the most common substance found, followed by cannabis and benzodiazepines. 4 In Paris, the largest study 5 conducted in France revealed that most frequently used drugs were benzodiazepines and related hypnotics. GHB was very seldom found. In our series at Strasbourg, 3 zolpidem appears to be the most common substance, followed by bromazepam.
The narrow window of detection of GHB, 6 and 10 hours in blood and urine, respectively, is an example of the current limitation of these specimens to demonstrate exposure after late sampling. 6 For all compounds involved in drug-facilitated sexual assault (DFSA), the detection times in blood and urine depend mainly on the dose and sensitivity of the method used. Without immunoassays, and using only hyphenated techniques, substances can be found in blood for 6 hours to 2 days and in urine for 12 hours to 5 days. 7 Sampling blood or urine has low interest 48 hours after the offense occurred.
To address a response to this important caveat, hair was suggested as a valuable specimen. Although there are many papers focused on the identification of drugs (mainly drugs of abuse) in hair following chronic use, those dealing with a controlled single dose are very scarce. Data are available for codeine, 8 cocaine, 9 flunitrazepam, 10 clonazepam, 11 and GHB. 12 All the authors were able to target the drug in hair after a dose corresponding to a therapeutic dosage. This paper presents several forensic cases in which analytic findings from hair clarified the use of drugs to sedate the victim quickly and commit a sexual crime.
MATERIAL AND METHODS

Specimen Collection
Hair is best collected from the area at the back of the head called the vertex posterior. Compared with other areas of the head, this area has less variability in the hair growth rate, the number of hairs in the growing phase is more constant, and the hair is less subject to age-and sex-related influences. Hair strands are cut as close as possible to the scalp, and the location of the root tip must be mentioned. Storage is at ambient temperature in aluminum foil, an envelope, or a plastic tube.
The sample size varies considerably among laboratories and depends on the drug to be analyzed and the test methodology. For example, when GHB or benzodiazepines are investigated, at least a 5-or a 20-mg sample, respectively, is recommended.
Because GHB is present in the hair of the general population under physiologic concentrations, toxicologists must be able to discriminate between endogenous levels and a concentration resulting from exposure. The implementation of a cutoff concentration must be done cautiously because of the wide distribution of endogenous concentrations, from 0.5 to 12.0 ng/mg. The solution is to use each subject as his or her own control. From the demonstration that physiologic concentrations are stable along the hair shaft except at the root part, one can suppose that exposure will lead to a peak concentration that can be detected. Use of tandem mass spectrometry is mandatory because of the small amount of hair that needs to be tested as a consequence of the short 3-mm segments that need to be analyzed. To avoid difficulties in interpretation related to potential contamination by sweat, it is necessary to wait for 3-4 weeks before hair collection. This will permit the migration of the GHB spot along the length of the hair shaft. 12 For other drugs, this laboratory also recommends waiting for 3-4 weeks after the offense and then collecting 3 clumps of about 100 hairs. One sample will be used to test for drugs of abuse (mostly for cannabis but also for ecstasy-related compounds and cocaine, which are sometimes observed), one for pharmaceuticals, and the third for a screening of hypnotics. Another sample can be collected for a potential counteranalysis. After decontamination, hair is then segmented as follows: 0 to 2 cm (segment corresponding to the period of the crime), 2 to 4 cm, and 4 to 6 cm (which should be drug-free).
GHB Analysis by GC-MS/MS
After rapid (2-minute) decontamination with dichloromethane, the hair shaft was cut into 3-mm segments. They were incubated overnight in 0.01 N NaOH in presence of GHB-d 6 , followed by neutralization and extraction in ethyl acetate under acidic conditions. GHB (precursor ion m/z 233, product ions m/z 147 and 148) was tested by GC/MS/MS (Finnigan TSQ 700) after derivatization with BSTFA + 1% TMCS.
Hypnotics Analysis by LC-MS/MS
After decontamination with dichloromethane and segmentation (3 segments of 2 cm), each segment was cut into small pieces (< 1 mm). About 20 mg was incubated overnight in 1 mL of 0.1 M phosphate buffer, pH 8.4, in the presence of 1 ng of diazepam-d 5 used as internal standard. After a liquidliquid extraction of the homogenate with 5 mL of diethyl ether/dichloromethane (80/20, vol/vol) and evaporation to dryness, the residue was reconstituted in 50 µL of acetonitrile/water (50/50, vol/vol). A 10-µL aliquot of the extract was injected into a 3.5 µm XTerra C18 column (100 × 2.1 mm). Reversed-phase separation was achieved in 12 minutes, under gradient conditions (acetonitrile/2 mM NH 4 COOH pH 3.6, 5/95 to 80/20) at a flow rate of 200 µL/min). The Quatro Micro (Waters) tandem mass spectrometer was operated in the positive ionization mode. 13 Drugs screened by this procedure included zopiclone, zolpidem, lorazepam, bromazepam, temazepam, clonazepam, and flunitrazepam (7-aminoflunitrazepam and 7-aminoclonazepam were also screened).
CASE RESULTS
Case 1
Hair strands were obtained from a 19-year-old girl who claimed to have been sexually assaulted after drinking a soft drink spiked with a drug. She had no memory of the crime and went to the police 5 days after the rape. After contact with the police, this laboratory recommended to wait for about 1 month to have the corresponding growing hair between the root and the tip. Full-length hair samples (8 cm long) were taken at the surface of the skin from the vertex and stored in plastic tubes at room temperature. Segmentation revealed an increase of GHB concentration at the corresponding time (Table 1 ) to 2.4 and 2.7 ng/mg, confirming exposure, when compared with basal physiologic concentrations around 0.7 ng/mg. The rapist, who was arrested several days after the assault, did not challenge this result.
Case 2
A 21-year-old woman was hospitalized for gastric disorders. One night, a male nurse offered her a coffee that made her unconscious. When she recovered, she noticed an assault but, afraid of the consequences, did not report immediately to the police. This was done after she left the hospital, 6 days later. Because blood or urine collection was without interest, we were requested to analyze the victim's hair, sampled 15 days after the alleged offense. Zolpidem was identified in the proximal segment (root to 2 cm) at 4.4 pg/mg, whereas the distal segment (2 to 4.5 cm) remained negative.
Case 3
Blood analysis (collected 9 hours after the crime) from sexually assaulted women was positive for zolpidem at 390 ng/mL. Because the claims of the victim to the police were confused, we received 4 weeks later a 8-cm hair strand to test for zolpidem. The analysis of 4 hair segments (4 × 2 cm) revealed the presence of zolpidem at the concentrations of 22, 47, 67 and 9 pg/mg from the root to the tip. This demonstrates repetitive exposure to zolpidem before the alleged assault and therefore makes the blood result inconclusive.
Case 4
During a party, a 42-year-old man was offered an alcoholic drink. Soon after, he lost all recollection of events and awoke 4 hours later in a bed with a woman. Terrified, because he was married, he privately requested us to perform some analyses in an attempt to identify the sedative drug. Hair was collected at the laboratory 21 days after the event. 7-Aminoflunitrazepam was identified in the proximal segment (root to 2 cm) at 5.2 pg/mg, whereas the second segment (2 to 4 cm) remained negative. No flunitrazepam was detected.
Case 5
A 23-year-old woman told the Emergency Unit of a University Hospital that she was intoxicated during the evening and had been unconscious for about 3 hours. Lorazepam was found in her blood at 32 ng/mL. Because the victim was suffering from anxiety, to exclude a possible treatment with lorazepam, hair was collected 1 month after the offense. Lorazepam was identified in the proximal segment (root to 2 cm) at 8 pg/mg, whereas the distal segments (2 to 4 and 4 to 6 cm) remained negative.
Case 6
A 19-year-old woman went to the police to declare a rape after having a drink that has been laced with ecstasy (MDMA). At the medicolegal unit of the hospital, a urine sample was collected (about 10 hours after the rape) that revealed the presence of MDMA and its metabolite MDA at 1852 and 241 ng/mL, respectively, confirming her previous declarations. To the judge in charge of the case, she claimed that she never took ecstasy and directly gave the name of the rapist, who was rapidly arrested and send to jail. Because the circumstances were unclear, the judge requested a hair analysis that demonstrated the simultaneous presence of various stimulants with the following concentrations: 21.3, 31.6, and 6.7 ng/mg for MDMA, MDEA, and MDA, respectively. These results were inconsistent with the claim of being drug-free. During a later confrontation with the judge, she admitted that it was a false notification, that no rape had occurred, and that it was a revenge on the alleged rapist.
DISCUSSION
Despite late sampling or even lack of collection of traditional biologic fluids, such as blood and/or urine, results for hair testing make it possible to document the use of hypnotics in DFSA.
Data from the literature are very uncommon. Frison et al 14 detected thiopental (150 to 300 pg/mg) and its metabolite pentobarbital (200 to 400 pg/mg) in 3 different proximal segments, corresponding to the time of the assault, while distal segments remained negative. In 2 separate cases, Pépin et al 15 detected 7-aminoflunitrazepam (19 pg/mg) and zopiclone (13 pg/mg). The same authors 16 demonstrated GHB exposure by comparing the concentrations along the hair shaft. Basal GHB concentrations were about 0.7 ng/mg, in comparison with a 5.3 ng/mg concentration in the segment corresponding to the time of the assault.
From our data and the literature, it is obvious that the target concentrations in hair after a single exposure are in the range of few picograms per milligram. To obtain the requested ultralow limits of detection together with suitable mass spectrometry information, tandem mass spectrometry appears to be a prerequisite. Selectivity and sensitivity are extraordinarily increased by almost completely suppressing the noise level. In comparison with the concentrations that are measured with drugs of abuse, such as heroin or cocaine, in case of DFSA, the concentrations are at least 1000 times lower.
As is the case with other applications (survey of addicts, doping control, driving license regranting), hair testing is a valuable approach to increase the window of drug detection. Embarrassment associated with urine collection, particularly after sexual assault, can be greatly mitigated through hair analysis. It is always possible to obtain a fresh, identical hair sample if there is any trouble during analysis, claim of specimen mixup, or breach in the chain of custody. This makes hair analysis essentially fail-safe, in contrast to blood or urine analysis, because an identical blood or urine specimen cannot be obtained at a later date. The discrimination between a single exposure and long-term use can be documented by multisectional analysis. With the concept of absence of migration along the hair shaft, a single spot of exposure must be present in the segment corresponding to the period of the alleged event, using a growth rate for hair of 1 cm/mo. Because this growth rate can vary from 0.7 to 1.4 cm/mo, the length of the hair section must be calculated accordingly. A delay of 3 to 4 weeks between the offense and hair collection and sectional analysis of 2-cm sections was considered satisfactory to have the hair shaft including the spot of exposure. The hair must be cut as close as possible to the scalp. Particular care is also required to ensure that each individual hair in the sample retains the position it originally had relative to the others. The unique possibility of demonstrating a single drug exposure through hair analysis has some additional interest. In case of late crime declaration, positive hair findings are of paramount importance for a victim, to start a psychological follow-up under suitable conditions. It can also help in the discrimination of false report of assault, for example in case of revenge. These cases are often sensitive with little other forensic evidence. Tedious interpretations, in case of concomitant intake of hypnotics as a therapy for sleeping disorders, are avoided when investigations are done using hair instead of urine. Finally, in the absence of hair testing, during the criminal trial, it is always possible for the advocate of the defendant to claim that the detected drug was ingested by the victim him/herself and has no connection with the crime.
